Background: Left ventricular diastolic dysfunction (DD) is an independent risk factor for mortality in sickle cell anemia (SCA) and is associated with increased extracellular volume (ECV) on cardiac MRI (CMR). Exercise impairment is common in SCA, but its causes and prognostic value are not well understood.
INTRODUCTION
Approximately 1 in 700 African Americans has sickle cell anemia (SCA), and as many as 100,000 individuals are affected in the United States. 1 Abbreviations: A, atrial contraction (late filling); A', mitral annular late diastolic velocity; CMR, cardiac magnetic resonance imaging; CPET, cardiopulmonary exercise test; DD, diastolic dysfunction; E, early filling; e', mitral annular early diastolic velocity; ECV, extracellular volume; FEV1, forced expiratory volume; FVC, forced vital capacity; LA, left atrium; MOLLI, modified look-locker inversion recovery; RER, respiratory exchange ratio; RLD, restrictive lung disease; SCA, sickle cell anemia; TRV, tricuspid regurgitation velocity; VCO 2 , carbon dioxide production; VE, ventilation; VO 2 , oxygen uptake.
Cardiac complications are leading causes of mortality and morbidity in SCA. 2, 3 Diastolic dysfunction (DD) and pulmonary hypertension are known cardiopulmonary complications of SCA and are independent risk factors for early mortality in SCA. [4] [5] [6] DD is associated with microscopic myocardial fibrosis in SCA mice and with diffuse myocardial fibrosis, assessed by cardiac MRI (CMR), in humans with SCA. 3, 7, 8 Exercise capacity, defined by oxygen uptake at peak exercise (peak VO 2 ) during cardiopulmonary exercise test (CPET), is a determinant of mortality and a treatment target in patients with DD in other clinical settings. 9 Peak VO 2 is decreased in a significant proportion of children and young adults with SCA compared to normal controls even after controlling for anemia. [10] [11] [12] The ventilation-to-carbon dioxide production slope at maximum exercise (VE/VCO 2 slope) is another important exercise measure that assesses ventilation efficiency and has been shown to correlate with left ventricular filling pressures and mortality in patients with DD. 9, 10, 13, 14 The VE/VCO 2 slope has also been reported to be abnormal in patients with SCA. 10 Several factors could lead to the exercise abnormalities seen in patients with SCA, but the effects of cardiac disease in SCA on exercise capacity using CPET have not been elucidated. While adult SCA patients with DD had shorter 6 min walk distance compared to patients without DD, the cardiopulmonary effects of DD on functional capacity are not clear. [15] [16] [17] [18] Specifically, the effects of DD and myocardial fibrosis on CPET-derived measures of exercise capacity that have prognostic value in other cardiac diseases have not been studied in SCA. 16 We sought to determine the impact of DD and myocardial fibrosis on functional capacity of SCA patients using CPET.
METHODS

Participants and study design
Participants with SCA were enrolled in a prospective, longitudinal CMR study to characterize SCA-related cardiomyopathy (ClinicalTrials.gov NCT02410811). Participants who had a CMR and a resting echocardiogram during this study were approached to participate in a voluntary CPET and exercise echocardiogram at their study exit visit.
The main exclusion criteria were chronic transfusion therapy, glomerular filtration rate < 60 ml/min/1.73 m 2 , and any contraindication to 
CMR protocol and image analysis
CMR was performed on a 1.5 T scanner (Philips Ingenia, Best, The Netherlands). ECV was measured from T1 maps acquired with a modified look-locker inversion recovery (MOLLI) sequence in the short and long axis planes before and 10 min post contrast as previously described. 8 All planimetric and T1 analyses were done with CMR42 (Circle Imaging, Alberta, Canada). ECV was calculated using the formula:
where R is relaxation time.
Echocardiography and diastolic classification
Transthoracic echocardiography was performed with a Philips iE-33 system (Philips Electronics, Andover, MA). Measurements were analyzed using Syngo Dynamics (Siemens Healthcare, Germany).
Pulsed-wave Doppler was used to measure mitral and tricuspid inflow peak velocity at early (E) and late filling (A). Tissue Doppler imaging was used to determine mitral and tricuspid valve annular velocities in early (e ′ ) and late diastole (a ′ ) at both the septal and lateral annulus.
Continuous-wave Doppler sampling of the peak tricuspid regurgitation velocity (TRV) was used. 8 DD was determined according to the recently published American Society of Echocardiography and European Association of Cardiovascular Imaging guidelines. 19 The criteria were modified to account for potential anemia-related changes or changes that may not be exclusively attributed to DD in SCA as previously described. 8 Patients who had a resting echocardiogram with normal e ′ , normal E/e ′ ratio, and TRV < 2.8 m/s were considered to have no DD. Age-, body size-, and sex-corrected z-scores were used to adjust for echocardiographic variables which is the standard of care in pediatric echocardiography laboratories. 8, [19] [20] [21] [22] All patients underwent an exercise echocardiogram immediately after maximum exercise according to the American Society of Echocardiography guidelines. 18 Similar to the echocardiographic evaluation at rest, we evaluated systolic and diastolic function at peak exercise while the patients were lying down immediately after peak exercise. 23 In case of fusion of early and late diastolic Doppler waves (E and A and/or e ′ and a ′ ) at high heart rates, imaging was delayed until the separation of these waves. Patients with inconclusive classification who had exercise mitral annular e ′ velocity <7 cm/s, and E/e ′ > 14 were considered to have DD. 17 Patients with inconclusive resting echocardiogram who did not meet these criteria on exercise echocardiogram were classified as having no DD. The correlations between measures of diastolic function using resting echocardiogram and exercise parameters on CPET were studied.
Cardiopulmonary exercise test
A maximal cardiopulmonary exercise was performed using a previously calibrated cycle ergometer (Corival Load Cycle 400). The ramp protocol was used in which the test starts with an initial work rate based on patient's body surface area and proceeds with linear increases every minute with a goal to reach peak exercise after 10 min. 24 A maximal exercise test was judged to be reached if two of the following three criteria were met: respiratory exchange ratio (RER) > 1.1, maximal heart rate ≥85% of the age-predicted maximal heart rate, or maximal rating of perceived exertion >18. Gas exchange at rest, during exercise, and during recovery was analyzed to determine measures of oxygen uptake (VO 2 ), carbon dioxide output (VCO 2 ), and ventilation (VE), and VE/VCO 2 slope at maximum exercise was calculated. 10, 25, 26 Since peak VO 2 is influenced by age, sex, and body weight, %predicted VO 2 was used to account for these variables in our study. [27] [28] [29] The prognostic value of %predicted VO 2 in patients with cardiac dysfunction has been shown in previous studies. 28 %predicted VO 2 was used previously to in SCA and was found to be lower in patients with SCA who also had restrictive lung disease (RLD). 15 Reduced exercise capacity was defined as %predicted VO 2 < 80%.
Mild impairment of exercise capacity was defined as %predicted VO 2 60-80% while moderate-to-severe impairment was defined as %pre-dicted VO 2 < 60%. 28 Spirometry was performed before CPET. RLD was defined as FVC < 80% while obstructive lung disease was defined as FEV1/FVC ratio < 80%. 30 
Statistical analysis
RESULTS
Patient characteristics and exercise performance
Twenty patients with SCA (homozygous HbSS) participated in the study (median age 21 years, age range 8-43 years). No adverse events were reported within 30 days of CPET. The baseline clinical and laboratory characteristics of the patients are summarized in Table 1 . Two patients did not reach maximum exercise due to muscular fatigue. As expected, patients with SCA had significant exercise impairment (mean VO 2 = 21.6 ± 6.1 ml/kg/min and mean %predicted VO 2 = 57±12.4%).
Of the 18 patients who reached maximum exercise, 17 (94%) had reduced exercise capacity defined as %predicted VO 2 < 80%; 6 of them (29%) had mild impairment (%predicted VO 2 60-80%) and 11 (71%)
had moderate-to-severe impairment (%predicted VO 2 < 60%). 48.2 ± 9.1% vs. 61.2 ± 11.7%, P = 0.01) ( Figure 1 ). All patients with DD had moderate-to-severe exercise impairment compared to 58% (7/12) of patients without DD (P = 0.04) ( vs. 10.6 ± 1.6 g/dl, P = 0.02) ( Table 2) .
Association between diastolic dysfunction and exercise capacity
Of the echocardiographic diastolic measures, the lateral E/e ′ z-score, which correlates with left atrial pressure, had the strongest association with %predicted VO 2 (r = −0.61, P = 0.01) (Figure 3 ). In addition, the z-scores of lateral and septal E/e ′ ratios were positively associated with VE/VCO 2 slope while lateral e ′ z-score was negatively associated with VE/VCO 2 slope. Moreover, the z-scores of septal E/e ′ ratio and lateral e ′ had a trend toward a negative and a positive association with %predicted VO 2 , respectively (r = −0.45, P = 0.05 (Table 2) . ECV was elevated in all patients 0.43 ± 0.08 compared to our institutional normal control values 0.26 ± 0.02, P < 0.001. 8 Although all participants had abnormally elevated ECV, there was no association between ECV and either %predicted VO 2 or VE/VCO 2 slope (Table 3) .
Patients with moderate-to-severe exercise impairment had higher lateral E/e ′ z-scores compared to patients with no or mild exercise impairment (2.7 ± 1.6 vs. 0.8 ± 0.9, P = 0.01) (Figure 2 ).
Receiver operating characteristic curve for lateral E/e ′ z-score to predict moderate-to-severe exercise dysfunction showed an area under the curve of 0.85. Lateral E/e ′ z-score > 2 had a sensitivity of 64% and a specificity of 100% to predict moderate-to-severe exercise impairment. All patients who had lateral E/e ′ z-score > 2 had moderate-to-severe exercise impairment.
Clinical and laboratory predictors of exercise capacity
Multiple clinical and laboratory factors correlated with %predicted VO 2 . In a univariate analysis, hemoglobin concentration was positively associated with %predicted VO 2 , while reticulocyte count, total bilirubin, and serum creatinine were negatively associated with %predicted VO 2 , as well as the presence of DD or RLD (Table 3) .
This reflects the multifactorial etiology of exercise impairment in this patient population.
In a linear multivariate regression model that included lateral E/e ′ z-score, hemoglobin concentration, and presence of RLD, the lateral E/e ′ z-score was independently associated with %predicted VO 2 (P = 0.014; Supplementary Table S2 ).
DISCUSSION
Left ventricular DD is an independent risk factor for mortality in SCA that is associated with diffuse myocardial fibrosis. 4, 8 Exercise capacity assessed by CPET is an important predictor of survival in patients with DD in other settings. 28 This study confirmed that exercise impairment is extremely common in SCA and demonstrated an association between DD and impaired exercise capacity in patients with SCA, including young individuals. Lateral E/e ′ z-score is an independent predictor of reduced exercise capacity and ventilation efficiency in SCA.
Diffuse myocardial fibrosis is elevated in SCA and appears to predate DD, but the degree of elevation was not directly associated with exercise capacity in our study.
Exercise impairment is common in children and young adults with SCA. Our results are consistent with the findings by Liem and colleagues who showed that patients with SCA have lower peak VO 2 compared to normal controls, even after controlling for hemoglobin concentration, suggesting that factors other than anemia are contributing to impaired functional capacity. 10 These findings were replicated in other studies that confirmed exercise impairment and demonstrated the safety of performing CPET in individuals with SCA. 31, 32 The data on association between cardiopulmonary disease and CPET variables is limited. 32 Van Beers et al. found no association between TRV and exercise capacity in 44 patients who underwent CPET and echocardiography. 32 Similarly, we did not find an association between TRV and CPET variables in this study; however, both our study and
Van Beers ′ had a limited range of TRV and did not include patients with right heart catheterization-proven pulmonary hypertension or patients with high TRV (>3 m/s). The effects of DD on CPET variables, however, were not evaluated in previous studies.
Left ventricular DD is common in SCA. 4, 33 In a recent meta-analysis, the prevalence of DD was 11-77% in SCA patients depending on the diagnostic criteria. 4, 33 In a population study that included older individuals with SCA, both TRV and lateral E/e ′ were independent predictors of the 6 min walk distance. 16 The 6 min walk distance is an easy test to perform, but its results are more variable, not always consistent with CPET results and do not allow for investigation into the causes of impaired functional capacity. 34, 35 In addition, CPET-derived measures, especially peak VO 2 and VE/VCO 2 slope, have additional prognostic value in many cardiac diseases, particularly DD, and remain the gold standard to evaluate exercise capacity. 35, 36 Our study demonstrates the association between DD and both variables (%predicted VO 2 and VE/VCO 2 slope) and reveals a significant functional impairment in SCA patients who have DD. The increase in VE/VCO 2 slope and VE/VO 2 may reflect a hyperventilation response to exercise in patients with DD. This could be related to increase in dead space ventilation due to pulmonary edema, lung stiffness related to chronic congestion, or decreased muscle mass in patients with DD. 37 Markers of ventilatory efficiency on CPET have been associated with elevated pulmonary pressure resulting from left-sided heart disease, which could result TA B L E 2 Clinical, laboratory and exercise parameters of study participants based on diastolic function from DD in SCA. 38, 39 Of note, lateral E/e ′ z-score was an independent predictor of %predicted VO 2 while septal E/e ′ z-score showed only a trend toward association with %predicted VO 2 . As compared to septal E/e ′ , lateral E/e ′ correlates better with left ventricular filling pressures which may explain the stronger association with exercise parameters
for lateral E/e ′ in our study. 19, [40] [41] [42] [43] Furthermore both e ′ and E/e ′ are important echocardiographic criteria for DD. However, each of these measures has its own limitations, and several hemodynamic factors affect their measurement. 17 Therefore, diastolic measures should not be used in isolation to make a diagnosis of DD. 19 Nonetheless, E/e ′ correlates best with left ventricular filling pressures in previous studies and may reflect the interaction between the preload which is increased in SCA and DD. 40 E/e ′ was associated with mortality in SCA patients while e ′ alone did not. 4 Exercise training for 3 months in patients with DD without SCA led to an improvement in exercise capacity and E/e ′ ratio in previous studies. 44, 45 Although the benefits of exercise training was not studied in SCA, recent literature confirmed the feasibility and safety of exercise training in SCA. 46 Treatments of DD, such as spironolactone, also improve exercise capacity in patients without SCA. 47 Measures of DD and exercise capacity are potential measurable end points for therapies of DD in SCA. Our findings support the importance of echocardiographic screening for DD in SCA.
The association between diffuse myocardial fibrosis and DD has been demonstrated in our previous studies. 8, 48 All participants in this study had abnormally elevated ECV, indicating diffuse myocardial fibrosis. 8 Although DD correlated with exercise capacity, we did not find an association between ECV and exercise capacity in this study.
While this could be due to the relatively small sample size and lack of study participants with normal ECV measurements, it could also suggest that increased ECV precedes the development of DD and exercise impairment. This finding was also suggested by the presence of abnormal ECV values in young children who did not have echocardiographic evidence of DD yet. 8 Our study has several limitations. First, this is a relatively small sample with a wide age range that may limit the interpretation of the correlations between variables and the generalizability of the findings.
Despite the small sample, however, the findings of this study are novel and can be the basis of a larger confirmatory study. Second, classification of DD is less clear in children. In this study, we used age-, size-, and sex-corrected z-scores to account for these variations and incorporated exercise echocardiography results in accordance with the most
Comparison of lateral E/e ′ z-score in patients with no or mild exercise impairment to patients with moderate-to-severe exercise impairment. All patients with lateral E/e ′ above two had moderate-tosevere exercise impairment F I G U R E 3 Association between lateral E/e ′ z-score and %predicted VO 2 and VE/VCO 2 slope. A: Lateral E/e ′ z-score is negatively associated with %predicted VO 2 . B: Lateral E/e ′ z-score is positively associated with VE/VCO 2 slope at maximum exercise recent DD guidelines to improve the accuracy of the classification. 19 However, there are limited data to inform the diagnosis of DD in SCA 
